INTRODUCTION
The term "apparent competition" was introduced by Robert D. Holt in 1977 to describe an indirect, negative interaction between two species mediated by a third species other than their prey (Holt 1977) . We here focus on predator-mediated apparent competition, whereby a species or species group negatively affects another species or species group that share the same predator by influencing predator abundance or biomass. Some empirical evidence of apparent competition exists, indicating that such effects may be widespread in nature (Chaneton and Bonsall 2000, DeCesare et al. 2010) . For example, in marine temperate reefs, predatory rockfish mediate apparent competition between shrimp groups (Frid and Marliave 2010) . However, apparent competition may be difficult to detect empirically due to its indirect nature and the potential for concurrent exploitative competition or other community effects (DeCesare et al. 2010) , and is less well studied than other indirect effects such as exploitative competition (Wooton 1994) . A good understanding of both direct and indirect effects in ecological communities is fundamental for anticipating how ecosystems respond to natural and human influences. For example, climate impacts on natural populations are more likely to be mediated indirectly through altered species interactions than through direct, abiotic effects (Ockendon et al. 2014) . Similarly, accounting for species interactions is important for sustainably managing harvested populations, as advocated in the ecosystem approach to fisheries management (May et al. 1979 , Botsford et al. 1997 , Pikitch et al. 2004 ).
We here analyse predator-prey dynamics between a key pelagic fish species and two dominant zooplankton groups in a large marine ecosystem (Fig. 1) . Specifically, we focus on capelin, which is the main predator on zooplankton in the Barents Sea (Dalpadado et al. 2012) , and copepods and krill, which together constitute about 80 % of its diet (Dalpadado and Monthly sea surface temperature for 68−80 °N and 20−50 °E at a 2x2° grid (NOAA_ERSST_V3 data set) were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/.
Annual biomasses of key predators on capelin, i.e., age 3−6 cod and age 1−2 herring (Hjermann et al. 2004 , Hjermann et al. 2010 , were obtained from ICES (2016). The estimates were from virtual population analyses, mostly relying on fisheries catch data. Other potential predators, such as marine mammals (Bogstad et al. 2015) , were not explicitly modelled due to scarcer observation data, but were accounted for in a process noise term in the model.
Statistical model
A detailed description of the statistical model is given in Appendix S1. The model quantified effects of copepods and krill on capelin length and abundance at ages 0 to 4 years and effects of capelin biomass on biomasses of copepods and krill. Age-0 capelin were assumed to interact with copepods in the southwestern Barents Sea, age-1 capelin with copepods in the central Barents Sea and age-2 and older capelin with copepods in the central and northern Barents Sea (Stige et al. 2014) . Capelin biomass was calculated from the modelled abundance-at-age and length-at-age based on length-weight relationships described in the literature (Monstad 1971 , Gjøsaeter 1998 . Maturation depends on length with 50 % maturity around length = 14 cm (Gjøsaeter 1998 , Baulier et al. 2012 . Hence, variable fractions of 2-and 3-year-olds contribute to the following year's spawning stock, depending on the mean length of the year-class. We assumed that capelin that have spawned die shortly after spawning (Gjøsaeter 1998). The model also quantified effects of temperature on capelin lengths and age-0 abundance, and of cod, herring and commercial catches on capelin abundances, with the choice of predictor variables based on previous literature (Gjøsaeter and Loeng 1987 , Skjoldal et al. 1992 , Gjøsaeter and Bogstad 1998 , Dalpadado et al. 2002 , Gjøsaeter et al. 2002 , Hjermann et al. 2004 , Pedersen and Fossheim 2008 , Orlova et al. 2009 , Hjermann et al. 2010 , Orlova et al. 2010 , Eriksen and Dalpadado 2011 , Dalpadado et al. 2012 , Stige et al. 2014 , as detailed in the Supplementary Methods in Appendix S1. The parameters estimated by the model are listed in Table S1 and the variables in Table S2 .
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The following generic equation describes the dynamics of capelin abundance:
Here, , is capelin log-abundance at age A (for A ≥ 1) in year T, nA0 is an age-specific intercept, , is fishing mortality rate (which also enters into catch equations), , is maturation rate (a function of the modelled mean length of the age-class), is a row vector of coefficients for effects of environmental variables, is a column vector with environmental values for year T (i.e., temperature and log-biomasses of potential predators and zooplankton prey groups), and is the process noise, which captures effects of predictor variables not explicitly modelled. This formulation assumes additive effects of environmental variables on mortality rate and multiplicative effects on abundance, which is not true if, for example, predator effects on capelin mortality depend on capelin abundance (Hjermann et al. 2004) . As part of the sensitivity analysis (Appendix S1) we assessed how this assumption influenced results. To quantify bottom-up effects by copepods on capelin, modelled copepod biomasses in the regions occupied by each capelin age group were averaged. Density dependence in survival to ages A>0 was assumed to be mediated through zooplankton biomass only, while a Gompertz model (Ives et al. 2003 ) was used to link maturing stock biomass to recruitment to age A=0.
Analogously, capelin log-length was modelled as:
Here, ́ is log-length of the immature fraction of the year-class (as maturing capelin were assumed to die shortly after spawning), l10 and l11 are parameters for a Gompertz type growth function, are coefficients for environmental effects, and d is process noise.
Log-biomasses of krill and copepods were modelled using Gompertz models that included top-down effects of capelin biomass (sum of ages potentially preying on the given zooplankton group) and process noise. The baseline model included no direct interaction between copepods and krill, but as part of the sensitivity analysis (Supplementary Information) we included parameters for exploitative competition between the two zooplankton groups. Copepod biomasses in the three Barents Sea regions were described by separate process equations.
The state variables for capelin abundances, capelin lengths, capelin catches, copepod biomasses and krill biomass were linked to observation data by an observation model. For example, observed log-abundance of capelin was a function of the modelled log-abundance and observation noise :
Note that while time-series for both age-3 and age-4 capelin were included in the analysis, we assumed that predictor effects on these age classes were the same and hence described by the same parameters. This simplification was motivated by the overlapping size-range and hence similar ecology of these age-classes (e.g., Fig. 2 ), and the general low abundance at age 4, which we assumed led to elevated observation error.
Model estimation
We used a Bayesian Markov Chain Monte Carlo (MCMC) approach to jointly estimate all parameters in the model. For this purpose, we used the program JAGS (Just Another Gibbs Sampler) and the rjags and dclone packages of R (Solymos 2010 , Plummer 2016 ). The likelihood function was created based on the model and the data, and in combination with the prior distributions of the parameters, the posterior distributions were estimated. Prior distributions for the parameters in the process model were uniform and broad in order to let the data drive the inferences. We used three independent chains with 1 300 000 iterations, where the first 300 000
iterations were used as 'burn-in' iterations to ensure that the chains had converged. In addition,
we thinned the chains with a factor 1000 to reduce autocorrelation in the posterior samples and to produce a reasonable amount of output, in this case resulting in 1000 samples from each chain, in total 3000. We used the Gelman and Rubin convergence diagnostics (Gelman and Rubin 1992) and visual inspection of the chains to ensure convergence.
Assessing food-web effects of changes in krill or copepod biomass
To assess some of the implications of the findings for our understanding of zooplankton-capelin dynamics, we perturbed the model by increasing krill or copepod biomass and compared population trajectories with the non-perturbed situation. We considered both pulse perturbations, where copepod or krill biomass was increased by 1 on the natural log-scale for a single year, and sustained perturbations, where the overall productivity of copepods or krill, represented by the intercept in the log-scale Gompertz models, was increased by 0.1. For the different perturbations we assumed that other conditions remained unaffected, by drawing from the posterior distribution as described in Langangen et al. (2017) . Pulse perturbations were iteratively applied to all years and differences between non-perturbed and perturbed biomasses at different timelags after the perturbation were recorded. Sustained perturbations were applied from the second year onwards and differences between non-perturbed and perturbed biomasses were recorded.
The data sets and computer code supporting this article have been uploaded as part of the supplementary material.
RESULTS
The model captured the variability in the observed time-series well, with no systematic deviations between fitted and observed values suggestive of model misspecification (Fig. 2) .
Further model diagnostics and sensitivity analyses suggested that the main findings were robust to key assumptions of the model (Supplementary Results in Appendix S1).
The analysis supported negative top-down effects by capelin on copepods and krill, as shown by predominantly negative posterior distributions for the model parameters quantifying these effects (Fig. 3a) . The 95 % credibility intervals excluded zero for capelin effects on copepods in the central and northern Barents Sea, providing strong evidence for negative effects, but overlapped with zero for effects on krill and on copepods in the southwestern Barents Sea.
The analysis further suggested significant bottom-up effects of copepods and krill on survival and growth of capelin ( Fig. 3b−e) . Krill biomass associated most strongly and positively with survival, i.e. with year-to-year changes in abundance of capelin year-classes (Fig. 3d) . A doubling in krill biomass is, for example, predicted to lead to around 40 % higher capelin survival to ages 2, 3 and 4 years, which translate into the same percentage increases in biomassat-age (due to the linear relationship between abundance and biomass), and to lead to around 1−2 % increases in capelin length at the same ages, which in turn translate into around 3−5 % increases in biomass-at-age (due to the approximately cubic relationship between length and biomass). Results thus show that krill effects on capelin biomass operate mainly through survival, with effects through growth being an order of magnitude weaker. Note also that krill biomass varied more among years than copepod biomass, with the among-year standard deviation on logscale being more than twice as high, which together with the estimated coefficient values imply stronger bottom-up effects of the observed krill fluctuations than the observed copepod fluctuations.
Copepod biomass associated positively with growth, i.e. with year-to-year changes in mean length of capelin year-classes, especially to age 2 (Fig. 3c) . A doubling in copepod biomass in the central and northern Barents Sea is predicted to lead to around 7 % increase in length of 2-year-old capelin, which translates into around 25 % increase in biomass of this age group. Note that the estimated positive effects on length at age translate into positive effects on maturation at age, as maturation was a function of length. The estimates for effects of copepod biomass on capelin survival were uncertain with credibility intervals overlapping with zero for all ages (Fig. 3b) .
The analysis further showed positive associations of temperature with capelin age-0 abundance and age-2 length, negative association of juvenile herring with capelin age-0 abundance, and negative associations of cod with capelin abundance at most ages. The marginal posterior distributions of all model parameters are shown in Figs. S2−S4 and Table S3 .
By perturbing the model we found that a one-year increase in krill biomass (+1 on lnscale) leads to increased capelin biomass for approximately four years and significantly lower copepod biomass in central and northern areas compared to the biomass trajectories without such a krill increase (Fig. 4) . The consequences of a corresponding one-year increase in copepod biomass were more uncertain, with the 95 % credibility intervals for the indirect effect on krill encompassing both positive and negative effects. Our results also indicate that copepods have more transient effects on capelin biomass than krill do (Fig. 4) , as positive copepod effects on growth translate into negative effects on abundance at ages 3 and 4 after 2−3 years because of spawning mortality (Figs. S5−S6 ). Sustained perturbations, where the overall productivity of krill or copepods is increased, have corresponding long-term effects, with krill negatively affecting copepods but with more uncertain effects the other way. The direct and indirect effects are of comparable orders of magnitude: we find that if krill productivity increases with 11 % (+0.1 in the intercept in an ln-scale Gompertz model), krill biomass increases with around 14 %, capelin biomass with around 18 %, and copepod biomass in the central and northern Barents Sea decreases with around 4 %, but with 95 % credibility intervals being wide and only partly excluding zero.
DISCUSSION
We here demonstrate apparent competition in a large marine ecosystem. Apparent competition, bottom-up effects (Lynam et al. 2017) . Indirect interactions can be more difficult to detect than direct predator-prey interactions, but be pivotal for our understanding of how ecosystems will respond to changes in climate, harvesting or other external factors.
Using state-space statistical modelling, we have elucidated the dynamics between a dominant planktivorous fish and its zooplankton prey, finding that top-down, bottom-up and indirect effects come into play. Our model also accounts for temperature effects as well as Positive bottom-up effects of copepod and krill biomass on capelin growth are supported by studies in which individual growth was estimated from otoliths (Gjøsaeter et al. 2002) . We find strongest statistical support for copepod effects on capelin at age 2 years. Weak copepod effect on capelin at age 3+ is consistent with a gradual shift in capelin diet with age from dominance of copepods to krill (e.g., Bogstad 1998, Orlova et al. 2010) . Uncertain estimates of copepod effects on capelin at ages 0 and 1 are likely caused by uncertain capelin lengths at age 0 (Fig. 2) . A relatively weak association between capelin growth and krill biomass variations is possibly related to the bulk of the krill biomass being south of the main summer feeding areas of capelin (Eriksen et al. 2017) , which may also explain why estimates of topdown effects by capelin on krill are uncertain. Negative capelin-krill associations have previously been found to be strongest and most consistent over time north of 74 °N in the Barents Sea, i.e., the part of the krill distribution that overlaps most with the main feeding areas of adult capelin (Eriksen and Dalpadado 2011).
Our results suggest that capelin survival is positively associated with krill, while the association with copepods is more uncertain. We interpret this finding in the light of the seasonal feeding cycle of capelin. Long-term data show that capelin hardly eat during winter, from
November to January ( By jointly estimating bottom-up and top-down effects in a process based model we can infer implications of predator-prey interactions for multi-species dynamics. To illustrate these implications, we provide the following scenario for the food web effects of a temporary increase in krill biomass, for example caused by good krill recruitment (Fig. 5) . Partly because of compensatory density dependence among the krill (zk1 parameter, Fig. S4 ), this "boost" in krill biomass gradually subsides over time, nonetheless providing improved feeding conditions for capelin for several years. Capelin biomass thus increases, mainly through a positive association between krill biomass and capelin survival. The high capelin biomass provides a negative feedback effect on the krill, but this effect is not strong enough to significantly overcompensate for the previous increase, which could otherwise have led to predator-prey cycles (May 1974 ).
On the other hand, the high capelin biomass leads to increased predation and reduced biomass of copepods in years following the boost in krill biomass. The result is apparent competition between krill and copepods in the Barents Sea. A delay from the increase in krill to the reduction in copepod biomass is consistent with our interpretation that a large overwintering population of krill leads to high capelin survival in spring and subsequently high consumption through the main feeding season of capelin in summer. Whether the apparent competition is asymmetric, with only krill adversely affecting copepods and not vice versa, remains undecided. Post hoc regression analyses of copepod and krill time-series support a delayed negative association going from krill to copepods but not from copepods to krill, which shows that also simpler analysis methods support quantitatively important krill effects on copepod dynamics (Table S4 ).
The dominant copepod and krill species in the Barents Sea have similar herbivorous diets (Dalpadado et al. 2008 , Søreide et al. 2010 , but it appears unlikely that the negative association between copepod and krill biomasses is caused by exploitative competition. Firstly, sensitivity analysis shows that direct interactions between copepods and krill are statistically non-significant in a model that also allows for indirect effects through capelin, and that accounting for direct interactions has little influence on parameter estimates for the indirect effects (Supporting Information). Secondly, previous studies suggest that fish predation explains >50 % of the yearto-year variation in copepod biomass concentration in the central and northern Barents Sea (e.g., Stige et al. 2014) , whereas statistical support for significant bottom-up effects by phytoplankton on copepod biomass in these areas appears to be weaker (Dalpadado et al. 2014) . Hence, in our view, indirect effects of krill on copepods through predators, i.e. apparent competition, appear more parsimonious than indirect effects through prey, i.e. exploitative competition. Strong predator-prey coupling among capelin and zooplankton is possibly related to the dominant role of capelin at the mid-trophic level in the Barents Sea, causing "wasp-waist" dynamics, with capelin fluctuations strongly impacting both higher and lower trophic levels (Yaragina and Dolgov 2009 ).
While our results provide interesting insights into the role of predator-prey dynamics among zooplankton and capelin, there are some caveats worth mentioning. For example, zooplankton or other environmental factors can affect maturation not only through length, as modelled (and empirically supported, Baulier et al. 2012) , but also through the condition of the capelin (Orlova et al. 2010) . Furthermore, even if our model is both age-structured and accounts for some of the spatial structure in the system, there may be processes at other stages or spatial scales that can potentially affect the dynamics of the system. Similarly, species not explicitly modelled, such as competitors of capelin, could potentially influence dynamics. However, we argue that our model is a good compromise between complexity and uncertainty. With this level of complexity, we are able to tightly link the process model to available data and hence provide realistic empirically based projections of indirect ecosystem effects.
Our study shows how bottom-up effects of changes in zooplankton biomass influence capelin dynamics, and resonate back to the zooplankton community through delayed indirect effects. As capelin also plays a key role as prey of, e.g., cod, marine mammals and sea birds in Most studies focus on the physical drivers behind such changes (e.g. temperature increase, advection), but our study indicates that a krill "invasion" could additionally affect copepod biomass negatively through apparent competition. Specifically, our results suggest that capelin would likely benefit from a change towards increased krill dominance, and magnify it, to the disadvantage of Arctic copepods. Thus, species interactions may in this case contribute to the observed "borealization" of the Barents Sea (as found for fish species, Fossheim et al. 2015) .
This study provides an example of apparent competition mediated by a shared predator, a process that may be ubiquitous in pelagic marine ecosystems but that has to date rarely been demonstrated. We propose that the sparse empirical support for apparent competition in pelagic marine ecosystems may be largely due to the difficulty in detecting it. By quantifying such indirect ecosystem effects our results and methodological approach pave the way for more realistic projections of ecosystem responses to drivers such as climate change or harvesting, in the Barents Sea as well as in other ecosystems. 
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